Abstract: Integrated bioinformatic approaches to drug discovery exploit computational techniques to examine the flow of information from genome to structure to function. Informatics is being be used to accelerate and rationalize the process of antimycobacterial drug discovery and design, with the immediate goals to identify viable drug targets and produce a set of critically evaluated protein target models and corresponding set of probable lead compounds. Bioinformatic approaches are being successfully used for selection and prioritization of putative mycobacterial drug target genes; computational modelling and x-ray structure validation of protein targets with drug lead compounds; simulated docking and virtual screening of potential lead compounds; and lead validation and optimization using structure-activity and structurefunction relationships. Active sites can be identified, characterizing patterns of conserved residues and, where relevant, predicting catalytic residues, thus providing information to aid the design of selective and efficacious pharmacophores. In this review, we describe selected recent progress in antimycobacterial drug design, illustrating the strengths and limitations of current structural bioinformatic approaches as tools in the fight against tuberculosis.
INTRODUCTION The Role of Bioinformatics in Drug Discovery
Let us define bioinformatics in a most general sense as a complex landscape of computational methods that utilize data base mining, machine learning techniques, and predictive modeling to provide discovery of information or knowledge useful to our goal of developing new antimycobacterial drugs. We can then recognize several synergistically interacting areas, in which bioinformatics contributes increasingly and dominantly to our goal:
v Sequence-derived information from genomic databases.
Accurate multiple sequence alignment enables comparative modeling, prediction of functional residues, secondary structure prediction, phylogenetic methods and deduction of characteristic sequence motifs or protein families. Sequence-derived information provides rapid initial annotation of genomes, accelerates target selection by discrimination of specific Mycobacterium tuberculosis genes from host genes, or allows reconstruction of putative metabolic pathways comprised of novel and attractive drug targets.
v Detailed three-dimensional structure information from crystallographic, nuclear magnetic resonance or homology modeling methods. Structural bioinformatics exploits three-dimensional, highly detailed structural information to provide a basis for the design of novel drugs, which are largely inhibitors of a critical function in a unique pathway. Predictive modeling of structures using experimentally determined structures of homologous templates (> 30% sequence identity) has been shown to provide accurate models (>80%; rmsd < 3.5Å), which can be used to support site-directed mutagenesis, to design chimeras and crystallizable variants, for molecular replacement in crystallography, to define antibody epitopes, for virtual screening and docking of small ligands, to dock macromolecules and predict protein partners, to design and improve ligands, and to study catalytic mechanism [1] .
v In silico screening of molecular libraries. Theoretical prediction of the association of flexible ligands, such as "drug-size" molecules [2] , with protein targets, is a powerful tool for understanding molecular function and mechanism, as well as predicting binding affinity [1] . A variety of available computational methods are capable of locating binding conformations that closely approximate experimentally determined structures [36] . Although candidate drug leads of inhibitory potential may be identified through structure-guided approaches, their "drugability" must also be assessed using the established first-line approximation known as Lipinski's "rule of 5" [2, 3] . Advanced computational tools are capable of predicting ADME/T properties (absorption, distribution, metabolism, excretion, toxicity), and exploring a much more extensive array of possible interactions that affect solubility, stability, bioavailability, and membrane permeability [4] [5] [6] .
In this review, we will focus on the central role of structure-based drug design methods, with extensions, where appropriate, to the equally important front and back end analysis of genomes and the potential of drug leads. With the advance of high throughout crystallography screening techniques in the structural genomics initiatives [7] , structurebased drug design is now moving towards the realm of true structure-based drug discovery [8] . The number of detailed examples will necessarily be limited, but these case studies have been selected to highlight recent advances and successes, and to provide an overview broad enough to appreciate both the power and limitations of current informatics-based approaches. The aim of this presentation is thus to guide the experimental or clinical researcher in deciding when informatic approaches, in particular structural bioinformatics, can be valuable tools in the fight against tuberculosis.
The Global Threat of Multidrug Resistant TB
In 1993, the World Health Organization (WHO) declared tuberculosis (TB) as a "global emergency" [9] . More than two million people die each year of the disease [10] , and it is expected that there will be 10.2 million new cases by 2005 if the present trend continues. Unfortunately, drug-resistant mycobacteria are "running amok", and multidrug resistance against at least two first-line antimycobacterial therapeutics (MDR) is now the norm [11] . MDRTB has emerged as a major public health threat, because the main response is treatment of infected individuals with medication appropriate to the resistance pattern of their organism, and the supply of second line drugs is limited. Drug-resistant strains are costly to treat, typically hundreds of times more expensive than for sensitive strains. In poor countries, where drugs are either not available or very expensive, treatment of MDRTB is a challenge.
Of even greater concern is the virtual absence of new TB drug development, because most major pharmaceutical companies do not see an adequate return on investment. The first line drugs, isoniazid, rifampicin, pyrazinamide and ethambutol, have increased in price by an average of 11% each year over the past 20 years, due to market failure, monopoly position or patent protection [12] . In addition, the second line drugs needed in the treatment of MDRTB are often considerably toxic. A further complication arises from the extent to which people travel globally, often carrying active drug-resistant strains and potentially spreading the disease. On the basis of currently available data, it has been recommended that a three part response be orchestrated against MDRTB: 1) widespread implementation of shortcourse chemotherapy as the cornerstone of control; 2) improved resistance testing and surveillance; 3) careful introduction of second-line drugs after evaluating their cost, effectiveness and feasibility [13] .
Exploiting Unique Features of Mycobacterium tuberculosis
The Mycobacterium tuberculosis complex comprises pathogens characterized biologically by slow growth rates (generation time 24 hours), dormancy within the host, a complex cell envelope, intracellular pathogenesis, and genetic homogeneity. An immense body of information about the protein content of the proteome of M. tuberculosis became available with the completion of the genome sequence of the H37Rv strain in 1998 [14] .Genomic analysis highlighted the importance of lipid metabolism in the life of the tubercle bacillus, the presence of novel biosynthetic Fig. (1) . M. tuberculosis H37Rv genome composition. Percentages of genes encoding different functional classes of proteins, based on annotation in [51] . The genome encodes proteins in a number of novel biosynthetic pathways generating cell wall components, and the existence of novel protein families, such as PE and PPE, unique to mycobacteria, which are all attractive drug targets. pathways generating cell wall components, and the existence of novel protein families, such as PE and PPE, unique to mycobacteria (Fig. 1) [15] . M. tuberculosis has relatively few environmental signal transduction pathways, but the genome encodes a number of proteins similar to eukaryotic serine/threonine kinases, which are believed to be involved in controlling cell dormancy and cell division. The tuberculosis complex is resistant to many antibiotics and includes multidrug resistant forms. This resistance is due largely to the thick, extremely hydrophobic cell envelope of the bacterium, which acts as a barrier to permeability, as well as other resistance determinants encoded by the genome, including many involved in lipid metabolism. The most well-known of these is the sole enoyl-ACP reductase in M. tuberculosis, InhA [16] , which catalyzes the NADHdependent reduction of the trans double bond between the C2 and C3 positions on fatty acyl substrates of length C16 or greater. InhA is inhibited by one of the first line drugs in the treatment of TB, isoniazid. Isoniazid is actually a pro-drug, which is activated through the addition of the nicotinamide ring of NADH by the enzyme KatG, a catalase-peroxidase [17] . It is this adduct that is the potent inhibitor of InhA. High level resistance to isoniazid, together with rifampicin [18] , another first line drug, constitutes classical MDRTB.
Target Selection and Structural Bioinformatics
The process of drug discovery in prokaryotes has been thought of as successful for more than fifty years, but in fact, the number of bacterial targets actually utilized is less than 0.1% of the potential targets, given the number of bacterial genes identified by sequencing projects [19] . In the past 30 years, only one fundamentally new class of antibiotics has been introduced, the oxazolidinones [20] , underscoring the need for new strategies to discover novel antimicrobials. Disease association alone does not create a protein target, and having a good biological rationale does not guarantee that a protein is tractable to chemistry ("drugable"). Biochemical function and drugability are defined by 3D structure, not strictly sequence, because homology implies common evolutionary origin, and 3D structure is more highly conserved than sequence. Rational selection of highly specific gene targets, accompanied by computational protein target modeling [21, 22] , virtual screening of small molecule ligands [21, 23] , and simulated docking [24] [25] [26] are powerful integrated bioinformatic approaches to rapidly identify viable drug targets and drug leads, with initial validation through structure determination. Reliable protein models can also be used to solve experimental x-ray crystal structures by molecular replacement [27] . These methods can accelerate and rationalize the process of antimycobacterial drug discovery, reducing failures early in drug development rather than filling the pipeline with poorly chosen products that have an unknown potential and may ultimately fail at a high cost.
We have entered a post-genomic, post-antibiotic era, where new targets for the discovery of antimicrobials are needed. Results from the sequencing of the genome of the M. tuberculosis laboratory strain H37Rv [28] and the clinical strain CDC 1551 [29] , as well as several related mycobacteria [30, 31] offer an exceptional opportunity to attack the problem of MDRTB using bioinformatics-based approaches. Instead of first moving to the laboratory, we utilize a variety of sequence, structure and biochemical databases, analyzing and assessing the available data. Comparative genomic techniques can identify putative new antimycobacterial drug targets, such as those that are essential and/or restricted to the mycobacterial system, or genes encoding proteins with unknown functions, such as PE or PPE [32] . Non-traditional targets may also include genes involved in general virulence, disease pathogenesis, adaptation and growth within the host, or novel pathways, such as enzymes involved in lipid metabolism or cell wall biosynthesis. Identification of genes under positive selection or adaptive evolution has also been shown to be a reliable method for identifying novel virulenceassociated genes and promising leads for drug targets [33] .
The three-dimensional structure of a drug target, experimentally determined or theoretically modeled, particularly if it is complexed with a putative ligand, is required to gain understanding of the mechanism of action of a drug at the molecular level, to appreciate the structural consequences of genetic variations, and to build accurate pharmacophores for drug design. The Protein Data bank contains over 20,000 structures [34] , and the emergence of high-throughput structure determination efforts [7] promises the availability of more three-dimensional structures that will be of pharmacogenomic interest. Bioinformatic approaches to drug discovery rely heavily on structural analyses that incorporate homology modeling [35] , protein-ligand docking [24, 36] , protein-ligand inverse docking [37] and protein-protein docking [38, 39] methods.
A variety of advanced homology modeling methods have been developed, which can provide reliable models of proteins that share 30% or more sequence identity with a known structure [35] . Many of these methods are fully automated on web-based servers, while others require a more knowledgebased approach and are resident on the user's computer. Homology-derived models may be used to identify the location and functional significance of residues implicated in genetic variation or drug action, and "drug-size" molecules [2] may be docked into binding pockets of proteins in order to predict affinity. Methods based on multiple conformer shape matching, genetic algorithms, evolutionary programming, simulated annealing, fragment-based docking and other novel approaches have been shown to be capable of finding ligands with binding conformations at receptor sites close to experimentally determined structures [36] . Inverse docking [40] exploits this binding knowledge to identify multiple protein targets to which a particular small molecule can bind, facilitating prediction of protein targets not only with 'good' biological activity, but also perhaps those implicated in toxicity and side effects of a drug or drug candidate. Finally, we must also consider proteins that interact with other proteins as activators, inhibitors and modifiers. Recent progress in protein-protein docking algorithms [41] has produced a number of models that closely predict experimentally determined structures of complexes, and provide options for increasing our understanding of how two protein surfaces interact. This has implications for the design of antibodies, as well as peptides that block essential protein interactions.
CASE STUDIES: STRUCTURE-GUIDED ANTIMYCO-BACTERIAL DRUG DESIGN

Current Drugs that Inhibit Cell Wall Biosynthesis
The mycobacterial envelope consists of a cytoplasmic membrane and cell wall components, peptidoglycan and arabinogalactan, connected to each other in a complex network (Fig. 2) [42] . Because the cell wall of Mycobacterium spp. is required for growth and survival [43] , the proteins responsible for the biosynthesis of its components and its formation have become the intense focus of drug discovery efforts [44, 45] . The core of the mycobacterial cell wall is composed of a covalently linked complex of mycolic acids, arabinan, and galactan, attached to peptidoglycan by a Rhap(1-> 3)GlcNAc-P linker unit [44] . The lipid bilayer is asymmetric and dynamic, in which the mycolic acid monolayer, interspersed with porin-like proteins, is perpendicular to the arabinogalactan-peptidogloycan complex, and is complemented by a variety of phospholipids and glycolipids, which together render the lipid barrier relatively impermeable [46] . Because cell wall components produced by these putative protein targets are unique to the pathogen and foreign to the host, elucidating the structure and mechanism of the biosynthetic apparatus of the mycobacterial cell wall should enhance current drug discovery efforts. Indeed, many of the current first-line antitubercular drugs and chemotherapeutics in development, target proteins involved in building and maintaining the mycobacterial cell wall [44, 45] .
ISONIAZID
Owing to the essential role of mycolic acids in the mycobacterial cell wall [42, 47] , inhibitors of enzymes involved in the biosynthetic pathway of mycolates should have potential antimycobacterial activity. Isoniazid (INH, isonicotinic acid hydrazide) is the oldest synthetic antitubercular which, along with several derivatives, was first reported to be effective in the treatment of tuberculosis 50 years ago [48, 49] . Resistant strains of M. tuberculosis were reported shortly thereafter, and it was noted that there was a correlation between resistance and attenuated activity by a catalase-peroxidase [50] , since found to be encoded by the katG gene (Rv1908c) [17] . Subsequent studies have revealed the structural mechanism of drug resistance, whereby INH is converted by the katG encoded catalaseperoxidase into a number of electrophilic intermediates capable of oxidizing or acylating amino acid residues [51] . Using a genetic approach to isolate the isoniazid protein target, a single open reading frame was identified, the inhA gene (Rv1484), encoding a NADH-dependent enoyl-ACP Fig. (2) . Model of the M. tuberculosis cell envelope. The envelope consists of cytoplasmic membrane and cell wall components peptidoglycan, arabinogalactan, and mycolic acids connected to each other. Lipoarabinomannan and the phosphotidylinositides are shown anchored to the plasma membrane, and glycolipids are presented located to the outside of the envelope via interactions with the cell wall. The inset depicts the structure of the terminal tetramycolyl-hexaarabinoside unit of arabinogalactan. Reproduced with permission from [42] . Because the cell wall of Mycobacterium spp. is required for growth and survival [43] , the proteins responsible for the biosynthesis of its components and its formation have become the intense focus of drug discovery efforts [44, 45] .
(acyl carrier protein) [16] . The activated drug binds to and inhibits reductase activity in the presence of NADH or NAD+ [52] .
Although mutations within the inhA gene facilitate isoniazid resistance [16, 53] , InhA remains a good target for structure-guided drug design. The majority of mutations in clinically resistant M. tuberculosis isolates are associated with KatG. Furthermore, the M. tuberculosis genome encodes for only one enoyl-ACP reductase, InhA, which has longer chain fatty acyl substrate specificity than enoyl-ACP reductases from other sources. InhA belongs to the FAS-II biosynthetic pathway [54, 55] , which is absent in humans and superceded by a FAS-I system that is insensitive to many FAS-II inhibitors. Moreover, microbial pathogens appear unable to survive solely by scavenging host fatty acids.
In this regard, M. tuberculosis is unconventional among pathogens that invade the human respiratory tract, because it establishes a latent state [56] , during which its long-term survival depends on a biochemical pathway known as the glyoxalate shunt, whose enzymes are activated during the metabolic attenuation that accompanies oxygen withdrawal [57, 58] . Structure-guided approaches targeting an essential enzyme in this pathway, isocitrate lyase, are discussed in the section on targeting persistence.
Full characterization of the active site of InhA is now available to facilitate the drug design process from crystal structures of M. tuberculosis InhA [59] [60] [61] [62] and its homologs from E. coli (FabI, formerly EnvM) [63] , Brassus napus (ENR) [64] , and Plasmodium falciparum (PfENP) [65] , in complex with cofactors, inhibitors, and/or fatty acyl substrate analogs. The crystal structure of InhA in complex with NAD+ and a C16 fatty acyl substrate supports the claim that, to produce fatty acyl substrates longer than C16 and thus precursors of mycolic acids (C16-C56), the substrate binding crevice of InhA must be able to accommodate fatty acyl substrates longer than C16 [61] . The MTB InhA substrate binding loop is longer and more flexible, creating a deeper binding crevice, than in either the E. coli or Brassus napus enoyl-ACP reductases, which prefer shorter chain substrates. This substrate binding loop is quite long in the PfENP, and by analogy with InhA, the PfENP would also be expected to bind very long chain fatty acids as substrates. Data from xray crystallography also confirm the complex action of isoniazid adducts: the cofactor NADH is modified by attachment of the isonicotinic-acyl group from isoniazid, which attaches through its carbonyl carbon to C4 of the nicotinamide ring, replacing the 4S hydrogen of NADH [60] . Residues implicated in binding NADH/NAD+, and residues of the active site as a whole, are highly conserved in all the enoyl-ACP reductase structures determined. Thus, compounds that do not require bioactivation would effectively circumvent the INH resistance mechanism. Diazoborines and triclosan represent InhA inhibitors that do not require bioactivation, but their utility has been limited due to poor solubility [66] and substantial toxicity [67] .
To extend the range of pharmacophores from which to develop more potent and pharmacologically suitable inhibitors of enoyl-ACP reductases, Kuo et al. employed highthroughput screening methods against M. tuberculosis InhA [62] . The compound library was based on the indole-5 carboxylic acid structural unit, which was reacted with 86 different amines in limiting and equimolar ratios. The most potent analogs were amides of indole-5 carboxylic acid and 4-aryl-substituted piperazines. An array of piperazine analogs were then synthesized, from which two novel inhibitors of InhA, Genz-8575 and Genz-10850, were identified (Fig.  3) , and the crystal structure of the Genz-10850/InhA complex was determined. Further refinement of inhibitors is in progress, using the structure-activity relationships derived from these compounds. 
ETHIONAMIDE
After the discovery of isoniazid as a potent antitubercular agent, the subsequent search for structural analogs of isoniazid led to the discovery of ethionamide (ETA; 2-ethyl-4-pyridinecarbothioamide) [68, 69] , an important secondline therapy for MDRTB. ETA has almost identical inhibitory effects on mycolic acid biosynthesis as INH, although M. tuberculosis strains resistant to one drug do not show cross resistance to the other, suggesting significant differences in their activation mechanisms [52] . It has been demonstrated that ETA is activated by S-oxidation before interacting with its cellular protein target, and the activated product, 4-pyridylmethanol, is remarkably similar in structure to the product formed by activation of INH by KatG. A wide variety of thiocarbonyl-containing compounds have been shown to undergo in vitro S-oxidation [70] , further supporting this intermediate oxidation step in the metabolic activation of ETA.
deBarber et al. [71] have shown that overproduction of Rv3855 (EtaR), a putative regulatory protein from M. tuberculosis, confers ETA resistance, whereas overproduction of an adjacent, clustered monooxygenase (Rv3854c, [28] , and these belong to a family of related proteins, most of which are probable monooxygenases. The genome of M. tuberculosis also encodes for 20 cytochrome P450 containing oxygenases, which is the largest number identified within a single bacterial genome [72] . The abundance of oxidative enzymes in the M. tuberculosis genome may have arisen to promote survival by the bacterium in the face of attack by xenobiotic substances, and ETA susceptibility may also result from activation by an enzyme intended to aid detoxification.
There has been renewed interest in thiocarbamide drugs and new analogs [73] , particularly in the developing world, because they are inexpensive [74] . Bioactivation of carbothioamides is believed to require S-oxidation for protein binding and enzyme inhibition [75, 76] , and cross-resistance demonstrated among these second-line drugs [77, 78] suggests a common bioactivation mechanism for thiocarbonyl containing molecules. Although this shared chemistry complicates MDRTB therapy, it can be exploited as a general mechanism when developing novel antimycobacterials.
Targeting Amino Acid Biosynthesis lysA
The MTB lysA gene (Rv1293) encodes the enzyme meso-diaminopimelate decarboxylase (DAPDC), a pyridoxyl-5'-phosphate (PLP)-dependent enzyme. In the final step of lysine biosynthesis, DADPC catalyzes the conversion of meso-diaminopimelic acid (DAP) to L-lysine. Because DADPC has been shown to be essential to in vivo viability of mycobacteria [79] , it is an attractive drug target. The recently determined x-ray crystal structure of this enzyme reveals a structural homology to ornithine decarboxylase (ODC) [80, 81] (Fig. 4A) from Trypanosoma brucei (TbODC) [82] . TbODC is a chemotherapeutic target for the treatment of African sleeping sickness, and the structure has provided the basis for the design of novel inhibitors, in particular those based on α-difluoromethyl ornithine (DFMO). DFMO is a suicide inhibitor of TbODC, which prevents the first committed step in polyamine biosynthesis required for cell growth and differentiation [83] . The active sites of LysA and TbODC are remarkably similar (Fig. 4B) . Using the structure of DFMO-bound TbODC as an model [82] , we successfully simulated a docked complex of DFDAP and DAPDC from MTB [84] , which strongly suggests that corresponding DAP analogs may be potential inhibitors for mycobacterial DAPDCs.
Targeting Protein Synthesis def
The def gene in M. tuberculosis (Rv0429c) encodes for a peptide deformylase (PDF; EC 3.5.1.88). PDF catalyzes the deformylation reaction of the N-terminal fMET residue of newly synthesized proteins in eubacteria. The enzyme is essential for bacterial growth [85, 86] , making it an attractive target for the design of new antibiotics, although PDF orthologs have been found in organelles such as chloroplasts and mitochondria [87, 88] . A number of pharmaceutical companies are engaged in structure-based approaches to the design of bacterial PDF inhibitors [85, 86, 89] .
PDF belongs to a class of metallohydrolases that utilize ferrous iron as the catalytic metal ion. The ferric form of the enzyme is inactive. Peptide deformylase sequences have significant similarity in three regions designated motif 1 (GΦGΦAAXQ), motif 2 (EGCΦS) and motif 3 (HEΦDH), where Φ is a hydrophobic amino acid. The C in motif 2, along with the two Hs in motif 3 coordinate the metal ion, with the fourth site occupied by a water molecule that hydrolyzes the amide bond. Catalytic efficiency has been shown to be strongly dependent on the identity of the bound metal. Substitution of the ferrous ion by nickel causes little loss in enzyme activity but increases stability, whereas substitution by zinc results in five orders of magnitude loss of activity [90] . The details of the catalytic metal center are known from crystal structures of several forms of PDF [90] [91] [92] .
As a metalloprotease, PDF is an even more attractive drug target, because metalloproteases are among the best studied enzymes classes [93] , and there has been a great deal of research using mechanism-based approaches to design inhibitors, which will not be discussed here. Availability of 3D structures of several PDF forms has made it possible to perform de novo structure-based inhibitor design in combination with mechanistic approaches, from which a generic inhibitor structure has been proposed (Fig. 5A) [94] . Early transition state and substrate analog-based inhibitors showed no significant antibacterial activity, due either to lack of potency and/or inability to penetrate the bacterial cell [91, 95, 96] . Screening for inhibitors of E. coli PDF identified actinonin, a naturally occurring hydroxamic acid pseuodopeptide produced by Actinomycetes [97] as a potent inhibitor of Gram-positive bacteria, fastidious Gramnegative bacteria and plant PDFs [86, 98] , but actinonin was relatively ineffective against eukaryotes, such as Plasmodium falciparum (Pf), as compared to E. coli [99] . A series of β-sulfonyl and β-sulfinylhydroxamic acid derivatives were then synthesized and evaluated in vitro, and crystallographic structures determined [89] . To understand the structural basis for the potent inhibition of PDF by actinonin, Chen et al. [86] built a model of actinonin bound to PDF using crystallographic coordinates for the uncomplexed Zn-PDF [100] and matrilysin, a matrix metalloprotease, bound to a hydroxamate-based inhibitor [101] . From the model and by analogy with previously developed inhibitors, it was concluded that the n-pentyl chain functions as the analog of methionine, the preferred P1' amino acid in PDF substrates [102] . The hydroxamate group acts as a chelating group, binding the catalytic metal ion, and this has been shown to be essential for antibacterial activity. A subsequent study of structure-activity relationships of actinonin analogs and other PDF inhibitors found that potent inhibition of several bacterial PDFs, including E. coli, S. pneumoniae, C. pneumoniae, H. inflluenzae, M. pneumoniae, M. catarrhalis and B. subtilis, could be achieved with low-molecular weight hydroxamate acid derivatives, possessing β-arylsulfonyl and β-arylsulfinyl functionalities, although at relatively high concentrations [89] . The crystal structure of one lead compound in complex with E. coli Ni-PDF was determined, and the coordinates were used to model the predicted binding mode of a 24 compound library.
Clements and coworkers, using an extensive library of metalloenzyme inhibitors, identified a novel compound, BB-3497, as a potent and selective inhibitor of a number of clinically relevant bacterial pathogens [85] . BB-3497 has been shown to be active in murine systemic models of S. Fig. (4) . Structure of LysA from M. tuberculosis. Top: Overall fold, as determined by Gokulan et al. [105] , depicted as a ribbon diagram. Chains of the homodimers are colored yellow and green respectively. Lysine and PLP rendered in CPK. Bottom: Details of key residues interacting with substrates and inhibitors: A) MTB LysA and B) TbODC [77] , bound to the suicide inhibitor DFMO. Protein colored by chain as previously. PLP and suicide inhibitor DFMO adduct rendered in CPK. Cysteine bound to adduct shown as sticks, colored by atom type. Docking performed with ICM-Pro [156] . Images rendered with ICM-Pro [156] .
aureus, and it is orally bioavailable. The x-ray crystal structures of both actinonin and BB-3497 complexed to Ni-PDF have now been determined, facilitating the design of novel inhibitors with improved pharmacokinetic and antibacterial properties [85] . In both structures, the active site nickel ion is pentacoordinated by the two oxygen atoms of the hydroxamate group in actinonin or the N-formylhydroxyoamine group of BB-3497, as well as the conserved cysteine and histidine side chains. The alkyl chains lie along the hydrophobic S1' pocket, and the P2' and P3' side chains are largely exposed to solvent, providing attractive sites for modification to improve molecular properties. The tight binding of BB-3497 and actinonin is achieved by mimicking the structural elements critical to the active site chemistry. Because these complexes do not represent the true structure of the transition state, a substantially weaker H-phosphonate transition state analogue inhibitor complex structure was determined, revealing a tetrahedrally coordinated metal center with a less complex hydrogen bonded network [91] . These differences have provided clues to the variation in activity between these inhibitor types.
Further validation of PDF as an in vivo target has been provided by Hackbarth and co-workers [94] , who designed a new class of potent PDF inhibitor, which has N-alkyl urea at the P1' site. Compounds with MICs < 4µg/ml against Grampositive and Gram-negative pathogens, have been identified, and IC50 for E. coli Ni-PDF was < 0.1mM. Structure-activity relationship analysis identified preferred substitutions to improve potency and reduce toxicity. The crystal structure of E. coli Ni-PDF with compound VRC4307 revealed that urea compounds bind in a position similar to that determined previously for succinate hydroxamates. Two compounds, VRC4232 and VRC4307, displayed moderate in vivo protective activity in a murine S. aureas septicemia model, although VRC4307 exhibited a poor pharmacokinetic profile. Matrix metalloproteases, whose catalytic metal sites are similar that of PDFs [100] , were not inhibited by the urea compounds.
Based on the structure of the BB-3497 complex, Hu et al. [103] designed a cyclic bacterial PDF inhibitor, in which the nonyl group serves as the cross-linked P1' and P3' side chains, because molecular modeling suggested the nonyl group would be long enough to link the P1' Cα and the P3' amino group while preserving the extended backbone conformation. In vitro activity by the macrocycle was high against Co 2+ substituted E. coli PDF, but when tested against the representative Gram-negative and Gram-positive bacteria, E. coli and B. subtilis, the MIC against B. subtilis was 2-4 µM, whereas against E. coli, the MIC was ~32 µM. The low activity against the latter is attributed to inefficient permeation of the bacterial outer membrane and/or removal from the cell via a bacterial efflux pump.
We have targeted MTB PDF for structure determination in our laboratory, but cloning, expression and purification have proved problematic, likely due to oxidative damage [104] . We are now attempting to exchange the catalytic iron for nickel or cobalt as active surrogates, which have been shown to be stable [90, 105] . In the absence of an experimental x-ray crystal structure, we have built a homology model of MTB PDF using the crystal structure of the E. coli enzyme [100] , which shares 35% sequence identity with MTB PDF, as the template (Fig. 5B) . The MAS nonhydrolyzable peptide (Fig. 5C) , as well as several known inhibitors of E. coli PDF, were docked into the active site of MTB PDF, revealing similar modes of binding as seen in reported crystal structures. Differences in the structures of these drug targets, however, provide insights from which we propose new functionalities for the design of optimized inhibitors of the tuberculosis enzyme, which will be published elsewhere. A summary of promising published PDF inhibitors is provided in [106] .
Kumar et al. have suggested that a putative mitochondrial Homo sapiens PDF (HsPDF) most likely folds and functions like E. coli and PfPDF [92] . However, because HsPDF shares only 23% identity with MTB PDF, differences between these drug targets will likely provide opportunities for the design of selective drug leads. The HsPDF cDNA has now been cloned, and a truncated form that lacks the Nterminal 58-amino-acid targeting sequence, and with Co 2+ at the metal center, was overexpressed in E. coli [107] . The recombinant enzyme is catalytically active in deformylating N-formylated peptides, shares many of the properties of bacterial PDF, and is strongly inhibited by known PDF inhibitors. HsPDF is much less active than bacterial orthologs, however, due in part to mutation of a highly conserved leucine residue, explaining perhaps the apparent lack of deformylation in mammalian mitochondria. PDF inhibitors had no detectable effect on two different human cell lines. It is likely then, that HsPDF is an evolutionary remnant with no functional role in protein formylation/deformylation, validating the potential of PDF as an antibacterial drug target. However, evidence of actinonin-resistant mutants [108, 109] , as well as reports that formylation is not essential for initiation of protein synthesis in all eubacteria [110] , have raised additional questions about the validity of PDF as a target for broad spectrum antibacterial chemotherapy. Most mutants have been shown to be defective in methionine formylation, which bypasses PDF activity, and they are no longer viable [111] . It is not known, however, whether formylation is an absolute requirement for the initiation of protein synthesis in M. tuberculosis.
New Drug Targets in Cell Wall Biosynthesis
rmlC
L-rhamnose, a 6-deoxyhexose, is a naturally occurring carbohydrate found in the cell wall of many pathogenic bacteria [112, 113] . In many Gram-negative bacteria, Lrhamnose is one of the important residues of the O-antigen lipopolysaccharide, a key determinant for virulence, whereas in Gram-positive bacteria such as streptococci, L-rhamnose is a component of the cell wall or capsule. In mycobacteria, L-rhamnose is a component of the arabinogalactan, which attaches the lipid mycolic acid layer to the peptidoglycan layer [113] . Because these bacterial cell wall components are not found in eukaryotic cell membranes, inhibitors of the formation of arbinogalactan, such as ethambutol, can stop cell growth and have been shown to be effective antitubercular drugs [114] . L-rhamnose is derived from a glucose scaffold in four steps, starting with glucose-1-phosphate and deoxythymidine triphosphate, to yield deoxythymidine diphospho-Lrhamnose. The enzymes in the rhamnose pathway (Fig. 6) are glucose-1-phosphate thymidylyltransferase (RmlA, EC 2.7.7.24), dTDP-D-glucose 4, 6-dehydratase (RmlB, EC 4.2.1.46), dTDP-6-deoxy-D-xylo-4-hexulose reductase (RmlC, EC 5.1.3.13) and dTDP-6-deoxy-L-xylo-4-hexulose reductase (RmlD, EC 1.1.1.113). RmlA couples the glucose-1-phosphate moiety to deoxythymidine triphosphate, RmlB oxidizes the 4' hydroxyl and dehydrates the 6' hydroxyl, RmlC inverts the 3' and 5' hydroxyls, creating an unstable ring structure which flips, and RmlD reduces the 4' ketone to form the end product, dTDP rhamnose. These proteins are highly conserved among bacteria [115, 116] , and as might be expected, conclusions drawn from the structure of an enzyme from one bacterium will have implications for design of inhibitors of the protein from another.
The crystal structures of all four enzymes in the rhamnose pathway have been determined with and without substrates and cofactors bound: RmlA from Pseudomonas aeruginosa [117] , Salmonella enterica (PDB ID: 1MP3), and Methanobacterium thermoautotrophicum (PDB ID: 1LVW); RmlB from Salmonella typhimurium [118] and Streptococcus suis [119] ; RmlC from Methanobacterium thermoautotrophicum [120] , Salmonella typhimurium [121] , Streptococcus suis [122] and Mycobacterium tuberculosis [157] ; and RmlD from Salmonella typhimurium [123] . The structures of RmlB and RmlD belong to the classical NAD(P)-binding Rossman fold superfamily, RmlA belongs to the nucleotide-diphosphotransferase super-family, and RmlC has a novel structure, the RmlC-like cupin structure, a double-stranded beta helix. The rmlC gene (Rv3465) is believed to be the best drug target in the pathway, because the encoded protein is highly specific, it is structurally unique, and it does not require a cofactor.
In an attempt to find new inhibitors of the enzymes in the essential rhamnose pathway, a virtual library of 2, 3, 5 trisubstituted-4-thiazolidinones was created, docked sequentially into the active site cavity of the M. tuberculosis RmlC and consensus scored [124] . The top 5% were slated for synthesis, and 94 compounds were successfully synthesized and tested. Of these, 30 (32%) have ≥50% inhibitory activity (at 20µM) in a coupled rhamnose synthetic assay, and seven have modest MIC values (≤ 50µg/mL) against whole-cell M. tuberculosis H37Rv. Although the strongest lead inhibitory compound in the enzymatic assay (Fig. 7) , had little effect on bacterial growth due to poor penetration or bacterial metabolism, the results of this study again support the proposed hypothesis that the thiazolidinone scaffold is capable of acting as a diphosphate mimic, and they suggest that it is possible to design specificity for this class of inhibitor against enzymes in the same pathway. More recently, other potential RmlC inhibitors have been discovered [125] , and further studies to determine crystal structures of RmlC/ inhibitor complexes and create new combinatorial libraries are underway in several laboratories. Virtual ligand screening against MTB RmlC in our laboratory has provided additional insights into the structure-activity relationships of these potential RmlC inhibitors [157] . These case studies exemplify the successful use of a structural bioinformatics approach to develop and prioritize a combinatorial library. glf UDP-galactofuranose (UDP-Galf) residues are vital components of the arabinogalactan that connects the peptidoglycan and mycolic acids in the mycobacterial cell wall. The critical location of galactofuran between the peptidoglycan and mycolic acids points to an essential role in bacterial growth [126] . Further evidence for this role is supported by the action of ethambutol, an effective antitubercular drug, which inhibits the formation of arabinan [127] . The embAB genes of mycobacteria encode for arabinosyltransferases involved in cell wall arabinan biosynthesis, of which embA is the target of the antimycobacterial drug, ethambutol [128] . Unfortunately, the 3D structures of these enzymes are not known, as they are membrane proteins, and the mechanism of action of ethambutol has yet to be elucidated. The enzyme responsible for converting UDP-galactopyranose (UDP-Galp) to UDP-Galf is UDP-galactopyranose mutase, encoded by the glf gene (Rv3809c). The crystal structure of UDP-Galf from E. coli has been solved, revealing a novel structure [129] and putative mechanism [130] . The mutase is a mixed α/β protein, dimeric in the crystal, consistent with solution scattering experiments (Fig.  8) . Mutase incorporates flavin adenine dinucleotide (FAD) in domain 1, which is similar to other FAD-binding domains in proteins. Two other domains (2, 3) are structurally unique. A large cleft between domains 1 and 2 forms the FAD binding site. Based upon the crystal structure, Sanders et al. proposed that the right side of the cleft, being positively charged and containing many of the conserved residues in mutase, would be the site of UDP-galactose binding [130] . Docking of UDP-galactose to the structure suggests that uridine ring Fig. (6) . The dTDP rhamnose biosynthetic pathway in M. tuberculosis. rmlC encodes for dTDP-6-deoxy-D-4-hexulose, the third enzyme in the dTDP rhamnose pathway. L-rhamnose is derived from a glucose scaffold in four steps, beginning with glucose-1-phosphate (upper left) and deoxythymidine triphosphate (dTTP). RmlC inverts the 3' and 5' hydroxyls, producing an unstable ring structure, which flips prior to the final catalytic step. Fullerton and co-workers performed a potentiometric analysis [131] , which showed that the neutral flavosemiquinone (FADH•) is stabilized by bound substrate, and that the fully reduced flavin is the anionic FADH -rather than FADH2 at pH 7.0. In the UDP-Gal docked model, the carbohydrate ring is adjacent to the isoalloxazine ring of the FAD, and conserved residues R247 and R278 bind the phosphate bridges of the nucleotide. Potentiometric analysis supports this mode of binding. A proposed catalytic mechanism would require that the UDP be transiently separated from galactose by breakage of the glycosidic bond to account for isotopic exchange observed during catalysis [132] . Two mechanisms leading to the observed products have been put forward. One involves a single-electron transfer from the anionic quinone to the oxocarbonium, producing an anomeric radical and forming the neutral semiquinone [131] . This avoids stable intermediates, proceeds rapidly and reversibly, and has been observed previously in the chemistry of furanosyl and pyranosyl functionalities [133] . Kiessling and coworkers now propose that a reduced anionic form of the flavin forms an imine adduct with the galactopyranose substrate by nucleophilic addition, leading to conversion of the substrate to its galactofuranose form [134] . Several small organic compounds have also been identified that inhibit UDP-Galf from tuberculosis and pneumonia bacteria at micromolar levels, providing leads to new antimycobacterial agents, as well as facilitating studies of galactofuranose recognition and incorporation [134] .
Scherman et al. [135] have recently developed a microtiter plate assay for MTB UDP-Galf, based on the release of titrated formaldehyde by periodate from UDP-galactofuranose but not UDP-galactopyranose. Using this assay, a putative uridine-based enzyme inhibitor, 320KAW73, has been identified from a chemical library. The structure of the MTB UDP-Galf has recently been determined, but the atomic coordinates have not yet been published [135] . We have docked the inhibitor 320KAW73 to an excellent quality homology model of MTB UDP-Galf, based upon the E. coli enzyme, and find that the preferred mode of binding is consistent with the model proposed by Sanders et al. [130] for the binding of UDP-Gal. In the case of 320KAW73 binding, the essential phenylsulfonyl diphosphate analog spacer interacts with conserved arginines and the carbohydrate moiety is adjacent to the isoalloxazine ring. Unfortunately, this inhibitor was not active against whole M. tuberculosis, most likely due to poor absorption [135] . Nevertheless, this drug lead, as in the RmlC case study, provides valuable structural information for the design of [130] . Image rendered with ICM-Pro [156] .
compounds possessing functionalities that potentially exhibit better deliverability, and the results of modeling underscore the importance of understanding the structural basis of the protein-ligand interaction. Further screening with a commercial library of drug-like compounds from Nanosyn, Menlo Park, CA, is in progress [135] .
Targeting Genes Implicated in Persistence icl
The enzymes isocitrate lyase (icl; Rv0467) and malate synthase (glcB; Rv11837c) together form the glyoxalate shunt, bypassing the CO2 -generating steps of the tricarboxylic acid (TCA) cycle, which provides a way for acetate (from fatty acids) to replenish the TCA cycle. ICL catalyzes the first committed step in the pathway, facilitating net carbon gain by diverting acetyl-CoA from β-oxidation of fatty acids into the glyoxalate shunt. The shunt allows M. tuberculosis and other bacteria to "lunch on lipids", synthesizing carbohydrates from fatty acids. McKinney et al. have shown that ICL is activated in the latent state and is important for long-term survival [136] .
Given its potential as a drug target against persistent infections, Sharma et al. solved the structure of ICL without ligand and in complex with two known ICL inhibitors, 3-nitropropionate and 3-bromopyruvate [137] . Structural knowledge about the active sites of ICL from M. tuberculosis and E. coli [138] , as well as related members of this protein family, has provided insights into the catalytic mechanism of ICL and structural basis for substrate specificity, and the search for additional inhibitors based upon these molecular scaffolds is in progress.
pyrR
The de novo synthesis of pyrimidines is universal, the pathway consisting of six enzymatic steps leading to the formation of UMP, which is then converted to UTP, CTP, dCTP and dTTP. PyrR is a protein that regulates expression of genes and operons of pyrimidine nucleotide biosynthesis (pyr genes) in many bacteria. In M. tuberculosis, the pyrimidine biosynthesis genes (pyr) are located on a single operon [28] . PyrR, encoded by the pyrR gene (Rv1379) acts by binding to specific sequences on pyr mRNA, causing transcriptional attenuation when intracellular levels of uridine nucleotides are elevated. The binding of PyrR to mRNA is dependent on the formation of a PyrR-UMP complex. The protein may also be a uracil phosphoribosyltransferase (UPRTase) [139] . pyrR has been shown to be upregulated during hypoxic stress, characteristic of the environment found in the granuloma harboring M. tuberculosis [140, 141] . Because pyrimidine biosynthesis is an essential step in the progression of tuberculosis [142] , pyrR is an attractive antitubercular drug target.
The structure of MTB PyrR (PDB ID: 1W30) has been solved in our laboratory (unpublished) by molecular replacement using a homology model based on the structure of the enzyme from Bacillus subtilis as the probe [143] , which shares 49% sequence identity. Simulated docking of UMP reveals a predicted binding mode that is similar to UPRTases (Fig. 9) . The UMP binding site of the MTB PyrR   Fig. (9) . UMP binding sites in M. tuberculosis pyrR and B. caldolyticus UPRTase. UMP binds in a similar manner to MTB pyrR (A) as seen in the crystal structure of B. caldolyticus UPRTase (B). Interesting differences in the size, shape and charge disposition of the binding pocket may be exploited to design selective inhibitors of PyrR. Docking of UMP to MTB PyrR performed, and images rendered with, ICM-Pro [156] . Structure of MTB PyrR to be published. contains many of the conserved residues in PyrRs and UPRTases, including a conserved aspartate involved in binding the ribosyl moiety of UMP. However, significant differences in the size, shape and charge disposition of the binding pocket from the active site in the UPRTases from Bacillus caldolyticus and Toxoplasma gondii, whose 3D structures are known [144, 145] , help to explain the weak catalytic activity of the TB enzyme, and these features may be exploited to design selective ligands of MTB PyrR. Virtual screening of various pyrimidine nucleoside analogs against MTB PyrR, has revealed a number of potential drug leads. Efforts are underway in our laboratory to determine crystal structures of MTB PyrR in complex with several of these compounds.
Inhibiting the Folate Pathway dfrA
Although the ideal antimicrobial drug will target a protein or proteins unique to the microbial system, some of the more effective drugs actually act on a universal cellular component. Structure-guided approaches then benefit from analysis and comparison with mammalian homologs, which help to develop specificity and predict toxicity. DHFR (DHFR; EC 1.5.1.3) catalyzes the NADPH-dependent reduction of 7, 8-dihydrofolate to 5, 6, 7, 8-tetrahydrofolate, which is involved in a variety of biochemical functions involving single-carbon transfers [146, 147] . The reduced form of folate is a precursor of cofactors necessary for the synthesis of thymidylate and purine nucleotides required for DNA and RNA biosynthesis, as well as methionine, serine and glycine required for peptide biosynthesis.
Because inhibition of DHFR results in cell death, this enzyme has been the subject of intense study as a drug target for chemotherapy in neoplastic and autoimmune diseases, as well as for fungal, protozoal and bacterial infections [148] . Investigations have been accompanied by structure-guided approaches to analyze differences in the active site regions of human and bacterial DHFR to understand better the structural features of these enzymes that control ligand binding and selectivity. Studies have revealed that novel compounds from diverse chemical classes are capable of inhibiting DHFRs. Molecular modeling in combination with sequence profiles and crystal structure data has produced a series of antifolate compounds whose binding and selectivity can be rationalized [149, 150] .
The three-dimensional structures of the M. tuberculosis DHFR (dfrA; Rv2763) unbound, in binary complex with NADP, and in ternary complex with NADP and one of three inhibitors, have revealed structural features that may be exploited for the design of novel tuberculosis drugs [151] . The three inhibitors are the anticancer drug methotrexate, the antimicrobial trimethoprim, and the antimalarial Br-WR99210. Despite sequence identity as little as 20% among DHFRs from different species (26% between MTB and human), the overall structure of the enzymes is the same: a central β-sheet, with a left-handed twist of about 130 o , flanked by four α-helices [152] . However, these high resolution MTB structures (1.7Å -2.0Å) reveal interesting differences between host and pathogen enzymes in the vicinity of the NADP. In each of the three inhibitor complexes, near the aminopterin ring of methotrexate, the aminopyrimidine ring of trimethoprim, and the aminotriazine ring of Br-WR99210, a glycerol molecule is bound in a region that, by contrast, is filled with hydrophobic residues in human DHFR (Fig. 10) . In addition, the binding site near the N6 of NADP is more hydrophobic in the MTB DHFR than the human. These differences may be exploited to design more effective inhibitors of MTB DHFR, perhaps through addition of neutral and hydrophobic functionalities to the existing drug frameworks. Such inhibitors would be more selective for MTB DHFR (and less toxic to the host), have higher affinity for the MTB enzyme, and would also perhaps be more permeable to the mycobacterial cell envelope, thus having enhanced deliverability.
CONCLUDING REMARKS
A structural bioinformatic approach to drug discovery exploits computational techniques to examine the flow of information from genome to structure to function. In postgenomics, structure is often the first and easiest to obtain information needed to rationalize function, and possibilities for successful structure-based ligand design are enormous. We can use bioinformatics to make rational hypotheses and plan experiments based on structural modeling and analysis. The outcome of this approach will be a set of critically evaluated models of putative MTB drug targets and a corresponding series of potential lead compounds, to be followed by target validation experiments, such as IC50 and MIC measurements.
Of particular interest will be finding drugs that target clinically latent bacteria, the best example being M. tuberculosis. When antimicrobials are added to cultures of latent bacteria, there are numerous changes in gene expression at the mRNA level, yet only a few of these are known to be related to antibiotic resistance mechanisms [153] . Thus, clinically latent bacteria may be highly adaptable. In patients with active tuberculosis, bacteria are multiplying and quickly killed by antimicrobial agents, although chemotherapy is required for six months, because latent bacteria are tolerant to existing antimicrobials [154] . Moreover, the genetics of antimicrobial tolerance are still poorly understood, and the molecular basis of this tolerance should be examined using gene knockouts, genomics and proteomics. The result may be the development of new antimycobacterial drugs, as well as prolonging the life of existing drugs, which may be used in combination with new chemotherapeutics. Chemotherapy would be more efficacious, shortening the course of chemotherapy and decreasing drug costs, patients would comply with drug regiments, and the potential for developing drug resistance would be lessened.
However, as we have seen in several of the case studies described, success in discovering potential new therapeutics using the informatic, structure-guided approach does not necessarily mean that we have found an effective therapeutic against whole M. tuberculosis. We may also have to consider the permeability barrier of the mycobacterial envelope and new routes for drug delivery, such as exploiting or modulating bacterial transport systems [155] . Computer modeling may then be used to design a "Trojan horse" drug, by which a lead compound is conjugated to a normally transported substrate, or perhaps a biomimetic transport system for directed delivery. Alternatively, as novel compounds with enhanced antimycobacterial activity are developed using informatic strategies, it will be possible to produce a library of functionalities known to exhibit 'good' deliverability, and this library can be utilized in future to optimize lead structures. Fig. (10) . Methotrexate-bound DHFR from M. tuberculosis and Homo sapiens. A) Active site of MTB DHFR shown with electrostatic potential surface, and bound methotrexate and glycerol (green) rendered in CPK; B) Active site of human DHFR shown with electrostatic potential surface, and bound methotrexate docked in silico. NADP shown in yellow CPK. The active site of MTB DHFR is larger and less hydrophobic, providing prospects for the design of novel chemotherapeutics with increased selectivity and affinity, and reduced toxicity.
